We analyzed the phylogeny of the Diplazium hachijoense complex using plastid trnL-F and low-copy nuclear marker AK1 DNA sequences. Based on allele constitution, triploid apogamous species of the D. hachijoense complex appeared to have originated from the hybridization of triploid apogamous species and diploid sexual species by recurrent hybridization events. These results suggested that triploid apogamous ferns can achieve hybridization with diploid sexual species by producing diploid spores with irregular meiosis in sporogenesis. Furthermore, the present study predicted the involvement of several unknown species associated with hybridization. More sampling of Callipteris species from China and adjacent areas is required to determine the relationships among unknown species and the D. hachijoense complex.
Introduction
In sexually reproductive fern species, meiosis produces 64 haploid spores per sporangium following mitotic divisions of spore mother cells four times, and each mother cell contains half of the parental chromosome number (Manton 1950) . By contrast, apogamous ferns produce 32 spores per sporangium by one of two pathways to yield chromosomally unreduced diplospores (Grusz 2016) : premeiotic endomitosis (Döpp 1939 , Manton 1950 or meiotic first division restitution (Braithwaite 1964) . Most apogamous ferns produce their spores by the former pathway (Manton 1950) . In ad-dition, a few apogamous species possess a third mechanism of reproduction that yields either 16 or 64 relatively regular shaped spores per sporangium (Park and Kato 2003) .
Apogamous reproduction is not an unusual feature in ferns. Approximately 3% of all fern species ) and 13% of Japanese fern species, for which information regarding their reproductive modes is available, reportedly exhibit apogamous reproduction (Takamiya 1996) . Although several apogamous fern species do not require sexual reproduction throughout their life cycles, they exhibit extensive morphological and genetic variation and often form species complexes with continuous morphological variation. Numerous studies have reported reticulate relationships between apogamous and sexual fern species (e.g., Watano and Iwatsuki 1988 , Suzuki and Iwatsuki 1990 , Lin et al. 1995 , Grusz et al. 2009 , Chao et al. 2012 , Ebihara et al. 2012 , which are exhibited in four patterns ( Figure 1 ): (1) tetraploid hybrids are formed between triploid apogamous species and diploid sexual species, (2) triploid hybrids are formed between diploid apogamous species and diploid sexual species, (3) triploid hybrids are formed between triploid apogamous species and diploid sexual species , and (4) tetraploid hybrids are formed between triploid apogamous species and tetraploid sexual species. In patterns (1) and (2), diploid or triploid apogamous species generate unreduced sperm (Walker 1962 , Watano and Iwatsuki 1988 , Grusz et al. 2009 , Chao et al. 2012 , Jaruwattanaphan et al. 2013 or eggs , Hori et al. 2018a ) that are united with a reduced gamete from a sexual species. Alternatively, in patterns (3) and (4), a reduced gamete from a sexual species is united with a reduced diploid sperm or egg generated by an apogamous species (Ebihara et al. 2012 , Hori et al. 2018b , Hori 2018c . Lin et al. (1992) proposed the hybridization cycle hypothesis as the mechanism of recurrent hybridization that occurs in triploid apogamous species after the discovery of triploid apogamous Dryopteris pacifica, which produces diploid spores through irregular meiosis. If prothallia of such diploid spores can produce eggs or sperm, an apogamous hybrid species can repeatedly originate from the hybridization of apogamous and sexual species without an increase in ploidy. This hypothesis is supported by numerous reports of irregular meiosis in spore mother cells of triploid Polypodiales apogamous species: Athyrium (Athyriaceae, Kurita 1964; Hirabayashi 1970, Park and Kato 2003) , Deparia (Athyriaceae, Hirabayashi 1970) , Diplazium (Athyriaceae, Takamiya et al. 1999) , Cyrtomium (Dryopteridaceae, Hirabayashi 1970) , and Dryopteris (Dryopteridaceae, Hirabayashi 1967 , Lin et al. 1992 .
Diplazium hachijoense Nakai (Athyriaceae) is one of the most common triploid apogamous ferns in Japan (Takamiya et al. 1999 , Ebihara 2017 . It is difficult to identify because of the continuous morphological variation between other closely related triploid apogamous species (D. conterminum, D. dilatatum, D. doederleinii, D. okinawaense, D. taiwanense, D. takii, and D. virescens) , diploid sexual species (D. amamianum) , and tetraploid sexual species (D. nipponicum). In addition, D. dilatatum has a sexual diploid cytotype (Takamiya et al. 1999) , and D. doederleinii has an apogamous tetraploid cytotype (Takamiya et al. 2001) . The ploidy level and reproductive mode of the D. hachijoense complex in previous studies are both shown in Table 1 . The present study aimed to determine the hybridization patterns between apogamous and sexual species within the D. hachijoense complex. Tetraploid hybrid between a triploid apogamous species and a diploid sexual species, (2) triploid hybrid between a diploid apogamous species and a diploid sexual species, (3) triploid hybrid between a triploid apogamous species and a diploid sexual species, (4) tetraploid hybrid between a triploid apogamous species and a tetraploid sexual species. Circle, sporophyte of sexual species; heart, gametophyte; square, sporophyte of apogamous species.
Materials and methods

Plant materials
In this study, all 10 species of the Diplazium hachijoense complex and an additional four species, which have not yet been assigned scientific names and termed as Diplazium sp. 1-4, were investigated. Diplazium chinense, D. esculentum, D. fauriei, D. mettenianum, Deparia japonica, De. viridifrons, De. unifurcata, Athyrium crenulatoserrulatum, and A. decurrentialatum Chromosome counting methodologies were performed as outlined in Takamiya et al. (1999) . To assess the reproductive modes of each sample or herbarium specimen, the number of spores/sporangium were counted. Specimens were considered sexual if the number of spores/sporangium was 64; they were considered apogamous if the number of spores/sporangium was 32 (Manton 1950) .
DNA extraction
For molecular analyses, total DNA was extracted from silica-dried leaves using cetyltrimethylammonium bromide solution, according to Doyle and Doyle (1990) .
Plastid and nuclear DNA sequencing trnL-F was used as the maternally-inherited plastid DNA marker (F: 5'-ATTT-GAACTGGTGACACGAG-3' and FernL 1 Ir1: 5'-GGYAATCCTGAGCAAATC-3'; Taberlet et al. 1991 , Li et al. 2009 ). AK1 (AK4F: 5'-GATGAAGCCATCAAGAAAC-CA-3' and AKR2: 5'-ATGGATCCAGCGACCAGTAA-3'; Hori et al. 2018b ) was used as a biparentally-inherited nuclear marker for polymerase chain reaction-single-strand conformation polymorphism (PCR-SSCP) analysis, which was used to determine allelic variation in each individual (Ebihara et al. 2012 , Jaruwattanaphan et al. 2013 . PCR amplification was performed using PrimeSTAR Max DNA Polymerase (Takara, Kyoto, Japan). PCR entailed an initial denaturation step at 95 °C for 10 min, followed by 35 cycles of denaturation, annealing, and elongation steps at 98 °C for 10 s, 55 °C for 5 s, and 72 °C for 5 s, respectively, using a Model 9700 thermal cycler (Applied Biosystems, Foster City, CA, USA).
Gel electrophoresis of AK1 PCR products was performed using gels containing 2% glycerol at 15 °C for 16 h at 300 V, followed by silver staining. For sequencing of the bands separated on the SSCP gels, the polyacrylamide gel was dried after silver staining by sandwiching the gel between Kent paper and a cellophane sheet on an acrylic back plate at 55 °C for 3 h. To extract the DNA, a piece of the DNA band was peeled from the dried gel using a cutter knife and incubated in 50 μL of Tris-EDTA buffer (10-mM Tris-HCl and 1-mM EDTA, pH 8.0) at 25 °C overnight. The supernatant solution was used as a template for further PCR amplification with the same primer set employed for initial PCR amplification.
PCR products were purified using ExoSAP-IT (USB, Ohio, USA) or Illustra ExoStar 1-Step (GE Healthcare, Wisconsin, USA) and used as templates for direct sequencing. Reaction mixtures for sequencing were prepared using the BigDye Terminator v.3.1 Cycle Sequencing Kit (Applied Biosystems). The reaction mixtures were analyzed using an ABI 3130 Genetic Analyzer (Applied Biosystems). All plant samples were classified based on their PCR-SSCP banding patterns, and each band was DNA sequenced.
Molecular analysis
For phylogenetic analyses, the sequences were typified and made non-redundant by removing duplicate sequences. Only one sequence representing each allele for AK1 and for each haplotype for trnL-F were used in the datasets (Appendices 1, 2). The sequences were aligned using MUSCLE (Edgar 2004) and assessed with Bayesian inference (BI) analysis using MrBayes 3.2.6 (Ronquist et al. 2012) and maximum parsimony (MP) analysis using the MEGA X software (Kumar et al. 2018) . In the BI analysis, the best-fit model of sequence evolution for each DNA region was selected using jModelTest 2.1.10 (Darriba et al. 2012; trnL-F: HKY+G model; AK1: HKY model) . In addition, we assessed BI (trnL-F: HKY+I+G model; AK1: HKY model) and MP analysis with full-data sets. Four Markov chain Monte Carlo chains were run simultaneously and sampled every 100 generations for 1 million generations in total. Tracer 1.7.1 (Rambaut et al. 2018 ) was used to examine the posterior distribution of all parameters and their associated statistics, including estimated sample sizes. The first 2,500 sample trees from each run were discarded as burn-in periods. The MP tree was obtained using the subtree pruning-regrafting algorithm (Swofford et al. 1996) at search level 1, at which the initial trees were obtained by the random addition of sequences (10 replicates). Indels were treated as missing characters in the MP and BI analyses. The confidence level of the monophyletic groups was estimated with 1,000 MP bootstrap pseudo-replicates.
Results
Chromosome count and estimation of reproductive mode
The ploidy level and reproductive mode of D. hachijoense complex species was consistent with previous reports (Takamiya et al. 1999 
Plastid and nuclear DNA phylogenetic trees
We sequenced 719-748 bp of the trnL-F intergenic spacer from different specimens. The aligned trnL-F matrix was 748 bp, of which 114 characters (15%) were parsimony-informative. For the AK1 intron, we sequenced 280-520 bp of the intron for each specimen, yielding a 574 bp aligned matrix, of which 74 characters (13%) were parsimony-informative. The MP trees derived from our trnL-F and AK1 sequence analyses with BI posterior-probabilities (PP) and MP bootstrap percentages (BP) are shown in Figures 2a, 3a, respectively. In the phylogenies with full-data set of trnL-F and AK1 (Figures 2b, 3b , respectively), 118 characters (15%) and 84 characters (14%) were parsimony-informative, respectively.
To define allelic types of the D. hachijoense complex, we investigated which diploid sexual or autotriploid apogamous species had each allele supported by PP and BP (Figures 2a-3b and Table 2 ). Alleles of nuclear genes from samples whose sequences formed a clade with particular lineages were considered to originate from the parental species. Therefore, when two alleles from one triploid apogamous species formed clades with those of parental species A and B, the allele composition of the apogamous species was AB. Unfortunately, PCR-SSCP analysis could not distinguish among the genotypes A1A1B1, A1B1B1, and A1B1 as this method cannot determine the quantity of each allele in PCR products. Therefore, the present study only showed the alleles obtained from each material, not their proportions, in Table 2 and Appendix 1.
To divide each allele number with the alphabet, we used clades supported by BP, PP, and similarity in the sequences. Furthermore, we investigated which diploid sexual or autotriploid apogamous species had each allele (Table 2) . Based on allelic relationships shown in Figures 2a-3b and Regarding other alleles of undetected (or missing) species, we could not conclude which alleles came from the same species. Therefore, we tentatively treated these alleles as individually distinct species, outlining them as E, F, G, H, J and K.
In total, five types of plastid trnL-F haplotypes (Type α-ε) and 10 types of nuclear AK1 alleles (Type A-H, J, and K) were recovered from the D. hachijoense complex (>90) values. In the phylogeny with fulldata set, Type ε was also supported, but Type γ was not supported by PP. Allelic constitution of AK1 in the D. hachijoense complex were as follows (Fig. 3a , Table 2 (>70) values. In the phylogeny with full-data set, Type E, J, and K were also supported. Figure 4 represents the reticulogram of the D. hachijoense complex. The ploidy levels and reproductive modes of undetected species are unknown; thus, we assigned them as either diploid sexual species (E, F, G, J, and K) or triploid apogamous species (H). If undetected species H was a diploid sexual species, we could not explain the origin of triploid apogamous Diplazium sp. 4 (nuclear AK1=D and H) because allele D belongs to diploid sexual D. amamianum. Thus, it must be a diploid hybrid.
Discussion
The allelic constitution in D. hachijoense suggested that it resulted from hybridization between the diploid sexual species D. amamianum and the triploid apogamous species D. takii. Because plastid genomes are reported to be maternally-inherited in ferns (Gastony and Yatskievych 1992) Allelic constitution in other species suggested that there were six undetected parental species which have only one allele E, F, G, J, K, or H. This study could not resolve ploidy and reproductive mode of these species. Tentatively, in the reticulogram (Figure 4) , we proposed Diplazium sp. E, F, G, J, and K as hypothesized diploid sexual species and Diplazium sp. H as triploid apogamous species. In the reticulogram, we interpreted the origin of six apogamous and one tetraploid sexual species as follows: D. conterminum originated from hybridization between apogamous D. takii and sexual (Wei et al. 2013) , including members of the D. hachijoense complex, need to be collected from China and adjacent areas to further dissect such dynamics.
According to the relationships of diploid sexual species and triploid apogamous species, allelic inheritance patterns in the D. hachijoense complex were found to be consistent with the hybridization cycle hypothesis by Lin et al. (1992 Lin et al. ( , 1995 and are similar to examples from other fern taxa. For example, Hori (2018c) reported that Deparia okuboana (Athyriaceae) potentially had a hybrid origin from the sexual diploid species D. viridifrons and the apogamous triploid species D. unifurcata, with the latter producing unreduced diploid sperm. In Dryopteris (Dryopteridaceae); several studies have reported that numerous triploid apogamous species share alleles with other triploid apogamous species and with diploid sexual species (Darnaedi et al. 1990 , Lin et al. 1992 , Hori et al. 2018b , Hori et al. 2018d ). Ebihara et al. (2012) reported that tetraploid apogamous Dryopteris shibipedis had alleles in common with apogamous D. pacifica and the sexual tetraploid species D. kinkiensis. Morita et al. (1990) reported a similar phenomenon in the angiosperm genus Taraxacum (Asteraceae), revealing that diploid sexual species endemic to Japan hybridize with triploid apogamous species introduced from Europe. The resulting Taraxacum are tetraploid or triploid apomicts. Therefore, the hybridization cycle is considered to be an important process that facilitates the production of triploid apogamous hybrids in plant reticulation complexes.
Conclusions
Continuous morphological variation in the D. hachijoense complex reflects a history of recurrent hybridization events among sexual and apomictic taxa, an observation in line with the hybridization cycle hypothesis suggested by Lin et al. (1992 Lin et al. ( , 1995 
